Abstract: KOH-based electrolytes with different salt additives were investigated to reduce their corrosive nature toward Mg/Ni metal hydride alloys used as negative electrodes in nickel metal hydride (Ni/MH) batteries. Alkaline metal halide salts and oxyacid salts were studied as additives to the traditional KOH electrolyte with concentrations varying from 0.005 M to 1.77 M. Effects of the cations and anions of the additives on charge/discharge performance are discussed. The reduction potential of alkaline cations and radii of halogen anions were correlated with initial capacity and degradation of the metal hydride alloy. A synergistic effect between KOH and some oxyacid salt additives was observed and greatly influenced by the nature of the salt additives. It was suggested that both the formation of a solid film over the metal hydride surface and the promotion of proton transfer in the additives containing electrolytes led to a decreased degradation of the electrodes and an increased discharge capacity. 12 salt additives, NaC2H3O2, KC2H3O2, K2CO3, Rb2CO3, Cs2CO3, K3PO4, Na2WO4, Rb2SO4, Cs2SO4, NaF, KF, and KBr, were found to increase the corrosion resistance of the MgNi-based metal hydride alloy.
Introduction
Nickel metal hydride (Ni/MH) batteries are currently one of the most widely used energy storage devices with many applications including hybrid electric vehicles, vacuum cleaners, electric toys, power tools, cordless phones, etc. [1, 2] . They have many advantages such as having a high specific power, excellent tolerance to abuse, long cycle life, wide temperature operation range, and low self-discharge. Facing competition from Li-ion batteries, scientists continue to improve the various properties of Ni/MH batteries. One of the key areas demanding immediate attention is the gravimetric energy density.
A basic Ni/MH battery consists of an assembly of a highly conductive electrolyte, a metal hydride (MH) negative electrode, and a nickel hydroxide positive electrode. The cell reactions on the electrodes are shown in following equations: 
The most widely used electrolytes are pure KOH aqueous solutions with concentrations in the range of 20-36 wt% because these solutions are highly conductive and can efficiently convey protons in an electric field. AB5 and A2B7 type MH alloys with electrocapacity in the range of 300-350 mAh·g is the most commonly used material.
During charge, a negative voltage (with respect to the counter electrode) is applied to the MH electrode, and electrons enter the metal through the current collector to neutralize the protons produced from the splitting of water that occurs at the metal/electrolyte interface. During discharge, protons in the MH leave the surface and recombine with OH − in the alkaline electrolyte to form H2O and the resulting charge neutrality pushes the electrons out of the MH through the current collector, performing electrical work in the outer circuitry. Due to their demanding applications in Ni/MH batteries, MH alloys are required to possess a high capacity and moderate hydride stability. Iwakura et al. [3] and Geng et al. [4] tested the pressure-composition-temperature (P-C-T) isotherm curves of MH alloys, and correlated the hydrogen content with electrochemical potential through the Nernst equation. It was found that higher hydrogen content of alloys lead to higher electrochemical capacity. A wide set of hydrogen storage electrode alloys, other than AB5 and A2B7 type, have been reported to contain high hydrogen content and high electrochemical capacity. Among them, MgNi-based amorphous and nanocrystalline MH alloys are reported to have higher capacity than those in AB5 and A2B7 [5, 6] . For example, Young and Nei [7] reported that the theoretical capacity of MgNi metal alloys is about 1080 mAh·g −1 and Anik et al. [8] reported that the practical electrocapacity values of MgNi and Mg0.9M0.1Ni (M = B, Ti, and Zr) type alloys are up to 495 mAh·g −1 and 508 mAh·g −1 , respectively. The theoretical capacities of Mg80Sc20, Mg80Ti20, Mg80V20, and Mg80Cr20 reach 1790, 1750, 1700, and 1270 mAh·g −1 , respectively. High hydrogen storage capacity, light weight, and the low cost of Mg type alloys make them one of the most promising commercially viable materials for high capacity Ni/MH batteries.
However, as many researchers have stated, MgNi-based electrodes are still far from commercial application because of the rapid decay of electrochemical capacity. Rongeat et al. [9] reported a 70% decay in capacity after 20 charge/discharge cycles. A lot of effort has been put into increasing the corrosion resistance of MgNi-based alloys to KOH electrolytes, mostly through studying various types of substitutions in the MgNi formula, such as replacements of the A-(by rare earth, transition, or other metals [10] ) and B-sites (by transition metals [11, 12] ), different fabrication procedures [13] , and surface treatment [14] .
It is well known that the use of electrolyte additives is one of the most economic and effective methods to improve the performance of electrodes as they do not affect the gravimetric and volumetric energy density of the battery. However, there are only a few studies of the modification of traditional KOH electrolytes to improve the cycle life of Ni/MH batteries. For example, Danczuk et al. [15] and Karwowska et al. [16] studied the effects of alkaline cation additives in KOH electrolyte to AB5 type alloys; Shangguan et al. [17] found that Na2WO4 additives could increase the high temperature performance of Ni electrodes; Vaidyanathan et al. [18] reported that KSiO4 and KNO3 additives could increase the end-of-charge voltage for Ni/MH batteries. Until now, very few studies for electrolyte additives' effects to MgNi-based Ni/MH batteries have been reported. In this study, a systematic investigation on the effect of salt additives to the performance of traditional KOH electrolyte to an Mg52Ni39Co3Mn6 alloy prepared by the melt-spin and consequently mechanical alloying is performed. The experiment is accomplished by partially replacing KOH in the traditional electrolyte with salt additives while keeping the total ionic concentrations the same; thus, a better understanding of the effect of the anion and cation substitute of KOH electrolyte in Ni/MH battery can be obtained. The ultimate objective of this study is to develop a novel salt containing electrolyte formulation, which is as highly conductive as the traditional KOH electrolyte, but less corrosive to MgNi-based negative electrodes. With this new electrolyte, MgNi-based NiMH battery is expected to have the same, or even higher, electrochemical capacity and improved capacity stability compared to the traditional 30 wt% KOH electrolyte. The mechanism for proton transfer and improved corrosion resistance is also briefly discussed in this work.
Experimental

Materials and Electrolyte Matrix
The MgNi alloy (Mg52Ni39Co3Mn6) was provided by BASF/Battery Materials-Ovonic, Rochester Hills, MI, USA. The alloy was prepared by melt-spin followed by mechanical alloying. Details of the alloy preparation were described elsewhere [19] . Sintered β-Ni(OH)2 was also obtained from BASF/Battery Materials-Ovonic. The matrix examined on the effects of salt additives in aqueous KOH solution consisted of the following: (1) alkaline salts, including LiCl, NaCl, KCl, RbCl, and CsCl (with salt concentrations at 0.44, 0.88, 1.33, and 1.77 M each and KOH concentrations change accordingly as 6.33, 5.88, 5.44, and 5.00 M, respectively, with the total ionic concentration kept at 6.77 M); (2) halogen containing salts including KF, KCl, KBr, and KI (with salt concentrations the same as previously mentioned); (3) oxyacid containing salts, including LiNO3, NaNO3, KNO3, RbNO3, CsNO3, K2CO3, Na2CO3, Cs2CO3, Rb2CO3, K3PO4, KIO4, Li2SO4, K2SO4, Na2SO4, Rb2SO4, Cs2SO4, LiCHO2, NaCHO2, KCHO2, CsCHO2, Na2WO4, NaC2H3O2, and KC2H3O2 (with salt concentration at 0.44 M and 6.33 M KOH each for LiNO3, NaNO3, KNO3, RbNO3,CsNO3, KIO4, LiCHO2, NaCHO2, KCHO2, CsCHO2, NaC2H3O2, and KC2H3O2; 0.29 M and 6.33 M KOH each for K2CO3, Na2CO3, Cs2CO3, Rb2CO3, Na2WO4; 0.005 M and 6.33 M KOH each for Li2SO4, K2SO4, Na2SO4, Rb2SO4, and Cs2SO4; and 0.22 M salt and 6.33 M KOH for K3PO4); (4) other salts, including NaF, LiBr, and NaBr with salt concentration at 0.44 M and 6.33 M KOH each. All salt additives were purchased from Sigma-Aldrich Company (St. Louis, MO, USA). Except for the SO4 2− containing electrolytes, the total ion concentration of all electrolytes is kept at 13.54 M.
Measurements and Calculations
Electrochemical charge/discharge cycling tests were performed with an Arbin BT2000 battery tester (Arbin Instrument, College Station, TX, USA) at room temperature. For the test cells, the positive electrode was the sintered β-Ni(OH)2 and the negative electrode was made from directly dry-compacting the MgNi-based Mg52Ni39Co3Mn6 alloy onto the Ni-expanded metal without using any binder. A hydrophilic nonwoven polyolefin was used as the separator. The cell was charged at 100 mA·g to reach a cut-off voltage fixed at 0.9 V. This is followed by resting for 30 s and the voltage will be recovered to a higher value, and then discharged at 24 mA·g
to reach a cut-off voltage fixed at 0.9 V. The process is repeated by a final discharge at 8 mA·g
to 0.9 V. The conductivity of the electrolyte was analyzed by an YSI model 3200 conductivity meter with a probe produced by Traceable VWR Inc. (West Chester, PA, USA). Cell is considered failed when its capacity drops below 70% of the initial capacity before cycling.
Three parameters: conductivity, discharge capacity, and degradation, were measured and compared to those with traditional 30% KOH electrolyte. Each test was repeated three times. Degradation was determined as the percent capacity loss per cycle within the initial 10 cycles, as shown in the following:
where:
Caphigh is the highest value of discharge capacity in the initial 10 cycles; Caplow is the lowest value of discharge capacity in the initial 10 cycles; nhigh is the cycle number of the highest discharge capacity in the initial 10 cycles; nlow is the cycle number of the lowest discharge capacity in the initial 10 cycles; Subscript 0 is for 6.77 M (30%) KOH electrolyte.
Results and Discussion
Electrochemical Performance of MgNi-Based NiMH with 30% KOH Electrolyte
The cycle stability and capacity/degradation as functions of KOH concentration of negative electrode composed of Mg52Ni39Co3Mn6 MH alloy in a traditional 30% KOH electrolyte are shown in Figures 1 and 2 , respectively. This composition is selected due to its weak resistance to corrosion in traditional alkaline electrolyte, which allows for a better comparison of the effectiveness of additives.
Other MgNi MH alloy compositions with high capacities and better cycle stability in 30% KOH are also available but were not used in this work. Figure 1 depicts the discharge capacities of Mg52Ni39Co3Mn6 in the first 10 cycles at five different KOH concentrations: 6.77, 6.33, 5.88, 5.44, and 5.00 M. It shows a rapid decay of discharge capacity in the first four cycles for all KOH concentrations and the capacity loss is more than 80% after 10 cycles. This result is consistent with other reported MgNi-based MH alloys [9] . Figure 2 shows the normalized capacity and degradation as functions of KOH concentration. A low KOH concentration corresponds to a low degradation; however, a low discharge capacity as well. Therefore, it is necessary to balance the degradation and discharge capacity of negative electrode by a matrix of salt additives. Capacity and degradation of pure KOH electrolytes vs. KOH concentration. It shows at low KOH concentration, electrolyte has low degradation but low discharge capacity; at high KOH concentration, electrolyte has a high discharge capacity but high degradation.
Electrochemical Performance of Pure Salt Solutions
The conductivity, capacity, and degradation characteristics of KOH and various pure salt solutions are shown in Table 1 . For a 6.77 M KOH electrolyte, the cells were cycled for more than 20 cycles with the total charging/discharging time of more than 130 h before cell failure. However, most of the cells with pure salt solutions as electrolyte totally lost activity within the first few cycles. For example, the cells with a 1.77 M LiCl solution lost all electrochemical activity only after five cycles. The cells were disassembled after the test and both the MgNi-based MH alloy and nickel hydroxide electrodes were found to be heavily corroded. Table 1 also shows that the conductivities of pure salt solutions are less than 20% of the conductivity of 6.77 M KOH electrolytes. Low conductivities could cause a low electronic efficiency for Ni/MH battery systems. Most of the pure salt solutions have a higher degradation compared to KOH, as shown in Table 1 . While some salt solutions such as KF and RbCl resulted in a lower degradation, their capacities decreased significantly, which can be attributed to low electronic efficiencies. Table 1 indicates that all of the pure salt solutions were more corrosive to the electrodes than the standard KOH solution and are therefore unsuitable as electrolytes for Ni/MH systems. : test error for normalized conductivity is 5%.
Electrolytes containing 6.33 M KOH and 32 types of salt additives were prepared and their conductivities were tested and shown in Table 3 . It was found that the conductivities of all the additive-containing electrolytes vary from 88% to 100%. It shows that the salt containing electrolytes can be as conductive as traditional KOH electrolytes in some cases (KIO4 and KNO3). Figure 3 shows the effects of the salt additive containing electrolytes on the discharge capacity and degradation. Data are normalized to the degradation and discharge capacity of 6.77 M KOH. In order to gain a better understanding of the effects of the anions and cations of additive salts on the normalized discharge capacity and electrode degradation, the data in Figure 3 was further analyzed based on the anions and cations. Figure 4 shows that degradation values vary from 26% to 115% with the addition of alkaline salts to traditional KOH electrolytes. CsCl and NaCl containing electrolytes decrease significantly in degradation compared to that in a pure KOH solution. At a low salt concentration (0.44 M salt with 6.33 M KOH), KCl containing electrolyte has a similar degradation value to KOH; LiCl containing electrolyte has an increased degradation, which is unfavorable; and RbCl electrolyte has a decreased degradation. At a high salt concentration (1.77 M salt with 5 M KOH), all electrolytes have a decreased degradation. Figure 5 illustrates that, except for NaCl containing electrolytes, the discharge capacity for electrolytes with a low salt concentration (0.44 M salt with 6.33 M KOH) is increased, while the discharge capacity for electrolytes with a high salt concentration (1.77 M salt with 5 M KOH) is greatly decreased. Figures 4 and 5 show that the concentration of alkaline salt in electrolytes has a significant influence on the degradation and discharge capacity. A linear correlation between degradation and reduction potential of alkaline ions was found for electrolytes containing a low concentration of salt, shown in Figure 6 . It suggests that degradation is influenced by the reducibility of the salt additive. There is no apparent relationship between capacity and reduction potential of alkaline metals. There is also no apparent relationship between degradation and reduction potential in the electrolytes with high salt concentration. It is supposed that the high concentration of salt would cause the effect of electrostatic interaction among ions to become stronger and influence the degradation performance. Figure 7 illustrates that the normalized degradation varies from 78% to 105%, which suggests that halogen ions' effects on degradation is not as strong as those in alkaline ions'. Figure 7 also indicates that at low (0.44 M) and high salt concentrations (1.77 M), the additives slightly increase the degradation value except for the electrolyte with 0.44 M KF and 6.33 M KOH. Figure 8 illustrates that discharge capacity varies from 68% to 133%. At a low salt concentration (0.44 M salt and 6.33 M KOH), all salts boost the discharge capacity, and at a high salt concentration (1.77 M salt and 5 M KOH), only KF and KBr additives enhance the discharge capacity. Figures 7 and 8 indicate that the concentration of salt additive in the electrolyte has a significant influence on the electrochemical performance. Figure 9 shows an apparent correlation between anion radii and the normalized degradation of low salt concentration electrolytes (0.44 M salt and 6.33 M KOH). This finding can also be explained by the energies of H-F, H-Cl, H-Br, and H-I bonds. In the traditional KOH electrolyte system, the OH group is an effective carrier for proton transfer between electrodes. In the salt containing electrolytes, both the OH groups and salt anions act as proton carriers. As F has a smaller radius than Cl, Br and I, its bond energy of H-F at 135 kcal·mol . The H-F bond is more stable than other hydrogen-halogen bonds during the charge/discharge process. Therefore, KF shows a decreased degradation compared to other potassium halogen salts. The bond energies of H-Cl, H-Br, and H-I are less than O-H, which implies that in KCl, KBr, and KI containing electrolytes, the OH The trend of discharge capacity is NO3
As shown in references [20, 21] , all of the above oxyacid anions, except for NO3 − , could react with Mg or Ni ions on the surface of the metal hydride to form a solid layer that covers the metal hydride particles, which could protect them from electrolyte corrosion. The solid layer covering the metal hydride particles had a significant influence on discharge capacity and degradation. Figure 11 illustrates the charge voltage curves of the first cycle of cells with electrolytes containing K2CO3, K3PO4, CsCO3, Rb2CO3, Na2WO4, NaC2H3O2, KC2H3O2, Rb2SO4, and Cs2SO4, which demonstrated normalized degradation <100% and discharge capacity >100%. The full charge voltage of these oxyacid salt electrolytes is slightly lower than that of traditional KOH electrolyte, which means the resistance of these additive containing electrolytes is lower than that of traditional KOH electrolytes.
A lower voltage also implies less corrosion to the electrodes. The charge voltage curves of other salt additive containing electrolytes (in Areas 2, 3, and 4 in Figure 3) were also studied. The values of the first cycle full charge voltage were generally higher than that of KOH electrolyte (data not shown). Further research on the formation mechanism of solid layer and the effects of solid layer on corrosion resistance and electrochemical performance will be performed. Figure 10 . Discharge capacity and degradation for electrolytes containing oxyacid salts, including NaC2H3O2, KC2H3O2, K2CO3, Rb2CO3, Cs2CO3, K3PO4, Rb2SO4, Cs2SO4, Rb2SO4, Li2SO4, Rb2SO4, CsCHO2, KNO3, RbNO3, LiNO3, NaNO3, K2CO3, KCHO2, LiCHO2, K2SO4, Na2SO4, and Na2CO3. Figure 12 shows the effects of K2CO3 and K3PO4 containing electrolytes on the normalized discharge capacity and degradation. It was found that the concentration of oxyacid salts, similar to the concentration of halogen salts and alkaline salts, have a significant influence on electrochemical performance. There was a maximum value in discharge capacity for both 0.44 M K2CO3 and K3PO4 containing KOH electrolytes. On the other hand, the normalized degradation seemed to be stable for the concentration range of K2CO3 and K3PO4 studied, except for 0.89 M K2CO3 containing electrolytes which shows a lower normalized degradation. Since the electrolyte with 0.44 M Cs2CO3 and 6.33 M KOH shows good performance on MgNi metal alloy, it was selected to test two kinds of BCC/C14 type metal alloy (V44.0Ti15.6Ni18.5Cr11.6Mn6.9Hf2.1Co1.4Al0.4 and V44.0Ti15.6Ni18.5Cr11.6Mn6.9Zr2.1Co1.4Al0.4). The BCC/C14 metal alloy has high hydrogen storage ability and high theoretical discharge capacity, and is also considered as a strong candidate material for metal alloy electrode in NiMH batteries as the MgNi metal alloy [7, 8] . The theoretical discharge capacity of MgNi alloy (Mg52Ni39Co3Mn6) was reported as 999 mAh·g −1 [7, 10] . However, Figure 13 shows that the maximum value of practical discharge capacity in traditional 6.77 M KOH electrolyte over Mg52Ni39Co3Mn6 is only 212 mAh·g
When Mg52Ni39Co3Mn6 alloy electrode is tested in Cs2CO3 containing electrolyte, the maximum discharge capacity is 300 mAh·g −1 , which suggests less corrosive in Cs2CO3 containing electrolyte. The theoretical discharge capacity of these two BCC/C14 alloys (V44.0Ti15.6Ni18.5Cr11.6Mn6.9Hf2.1Co1.4Al0.4 and V44.0Ti15.6Ni18.5Cr11.6Mn6.9Zr2.1Co1.4Al0.4) was reported as 767 mAh·g −1 [13] . In traditional 6.77 M KOH, the maximum capacity for V44.0Ti15.6Ni18.5Cr11.6Mn6.9Hf2.1Co1.4Al0.4 is only 348 mAh·g 
Mechanistic Analysis for Using Additive Containing Electrolytes in Novel Ni/MH Battery Systems
Synergistic Effect between KOH and Salt Additives
Comparing additive containing electrolytes to the pure KOH and pure salt electrolytes, significant changes in degradation and discharge capacity were observed. For salts in Area 1 of Figure 3 (i.e., degradation <100% and capacity >100%), a synergistic effect between the salt additives and KOH electrolyte is presumed to explain the improvement in electro-performance. The synergistic effect can be explained by the following inferences: (1) a solid film forms on the surface of both electrodes. As shown in Figure 14 , all the anions in Area 1 were able to react with Mg on the surface of β-Ni(OH)2 particles to form a solid deposit [20, 21] . In this research, discharge capacity is closely related to the amount of MgNi metal hydride in negative electrodes. This solid film over the MgNi metal hydride particles could physically protect the electrode from electrolyte corrosion; (2) H-transfer is promoted in aqueous electrolyte. The salt additives' effects were considered from the aspects of the anions and cations. The anions of salts in Area 1 could provide more active sites for H adsorption and transfer [22, 23] . The cations, together with their anions, could change the chemical environment of the OH group in the electrolyte, and promote H-transfer [22] . Lower degradation is closely related to the improvement in the amount of H carriers and the H-transfer process [7] . 
Active Sites for Proton Transfer and H Bond Types
For traditional KOH electrolytes, the oxygen atom in the OH − group acts as the basic site to accept H from the metal hydride and transfers H between electrodes [22, 24] . As Basak [22] stated, H is covalently bonded to O with bond energy around 111 kcal·mol . This H bond type in KOH electrolytes is called H bond type 1 (shown in Figure 14a ).
In this research, the anions of the additive salts, together with OH − from KOH, act as proton carriers [22] [23] [24] [25] . For halogen containing salts, F [24, 25] . H bond type in halogen containing electrolytes can be presumed by analyzing the bond energy [24] . The H-F bond energy is 135 kcal·mol . Thus, F should be covalently bonded to H (as the A atom in Figure 14a ), and OH should be electrostatically bonded to H (as the B atom in Figure 14b ). The bond energies for H-Cl, H-Br, and H-I are 103, 87.5, and 71 kcal·mol −1 , respectively, which are lower than the O-H bond energy. Thus, Cl, Br, or I should be electrostatically bonded to H (as the B atom in Figure 14a ), and OH covalently bonded to H (as the A atom in Figure 14a ) [24] .
For most oxyacid salts, O is the basic site for H adsorption [22, 24] . Analysis of the bonds containing O is important for understanding the H bond type in oxyacid salts. For CO3 . As Basak [22] stated, because of the identicality of the bonds, H is equally shared between two adjacent O by covalent interaction. In this paper, it is called H bond type 2, and its structure is as shown in Figure 14b Generally speaking, there are two kinds of proton transfer mechanisms in organic/inorganic solution systems: vehicle mechanism and structure-diffusion mechanism [22] [23] [24] [25] . Vehicle mechanism is reported in traditional KOH electrolytes and is described as the transport of protonated species as whole molecules (for example: H2O, H3O + ) through aqueous media [24] . In this research, proton transfer in liquid electrolyte is considered as vehicle mechanism. In addition, proton transfer through the surface solid of the electrodes, is considered as a structure-diffusion mechanism [22] . The proton hops from site to site along a hydrogen-bonded network over the surface. Diffusion of protonic charges or protonic defects occurs through the formation and breaking of the hydrogen bonds. Both H bond types could contribute to structure-diffusion mechanism.
The H-transfer process in additive containing electrolytes during discharge is briefly illustrated in Figure 15 . The solid film over the MgNi alloy and Ni(OH)2 particles is formed during the charge process or the first few seconds of the discharge process. In the solid film covering the MgNi alloy, H is covalently or electrostatically bonded to other heteroatoms through bond type 1 or 2. H delivered through the solid film to the interface of the liquid electrolyte is through site-to-site hopping way (i.e., structure-diffusion mechanism). The H is the delivered in the electrolyte through vehicle mechanism with H bond type 1. The H bond type and H-transfer mechanism for the solid film covering the Ni(OH)2 are similar to that of the MgNi alloy. Figure 15 also illustrates the trend of the H concentration differential from the MgNi alloy to Ni(OH)2 during the discharge process. The H concentration is the highest at the metal hydride-solid film interface and the H concentration is the lowest at the Ni(OH)2-solid film interface. 
Factors that Influence Electrochemical Performance of the Novel Additive-Containing Electrolytes
As stated before, the synergy between the additives and KOH is influenced by the nature of the salt additives. For additive containing electrolytes, both hydroxide ions and salt anions are basic sites and act as proton acceptors and carriers [22] . Thus, the parameters that can influence the formation of hydrogen bonds can influence the electro-performance. The parameters are summarized as follows:
(1) The nature of the basic sites. The stronger the basicity, the better the performance [23, 24] .
In this research, CO3 
